In this paper we outline an experiment to detect the conversion of photons to axion-like particles (ALPs) in a strong magnetic field. We show that by modulating the polarization of the light passing through a Fabry-Perot cavity so that it effectively precesses at the modulation frequency, a signal is produced that is proportional to the square as opposed to the fourth power of the ALP-photon coupling constant. Assuming shot noise to be the dominant source of noise, we estimate that this approach is sensitive ALP masses less than 10 −4 eV and couplings on the order to gaγ ∼ 10 −11 GeV −1 with a 10m, 10 T magnet, and gaγ ∼ 10 −12 GeV −1 with a 100 m magnet as envisaged by ALPs-IIc. ALPs with these properties have been invoked to explain the apparent transparency of the extragalactic background light (EBL) to ultra high-energy gamma rays emitted by BLAZARs.
INTRODUCTION
A number of extensions of the Standard Model of Elementary-Particle Physics predict the existence of a hidden sector of particles that interact with the visible sector extremely weakly. One such particle is the axion, a pseudo-scalar Goldstone boson arising from the spontaneous breaking of the global U(1) symmetry introduced into the strong interaction Lagrangian by Peccei and Quinn to solve the strong CP-problem [1] [2] [3] . The Peccei-Quinn (PQ) axion has a fixed relationship between its mass, m a , in eV and the coupling to photons, g aγ , in GeV −1 g aγ = 10 −9 0.203 E N − 0.39 m a GeV −1 The parameters E and N are the model-dependent electromagnetic and color anomalies. Characteristic values are E/N = 0 in the KSVZ model [4] and E/N = 8/3 in the DFSZ model [5] . Other extensions of the Standard Model predict axion-like particles (ALPs) where the the mass and interaction strength are independent. ALPs interact with the the electromagnetic field through a term in the Lagrangian of the form
where E and B are the electric and magnetic fields, and φ is the axion field. The hunt for ALPs considered here takes place in the m a − g aγ parameter space spanning many decades in both parameters. In addition to a solution of the strong CP problem, ALPs are a candidate for dark matter and provide a possible mechanism for the transparency of intergalactic space to ultra high energy gamma rays. For a complete discussion of ALPs and their properties see the review by Jaeckel and Ringwald [6] .
Sikivie [7] showed that an ALP traveling a distance L through a magnetic field B can convert to a photon, or a photon whose electric field is parallel to B can convert to an ALP with probability
where B is in tesla, L in meters and g aγ in GeV −1 . For typical laboratory values L = 10m, B = 10T and g aγ ∼ 10 −10 GeV −1 the probability of conversion is 2.45×10 −17 . Helioscopes like CAST [8] that detect ALPs created in the Sun, or laser-based laboratory experiments, for example shining light through a wall (SLW) [9] and vacuum birefringence [10] , have signals that are proportional to g 4 aγ . In this paper we describe an experiment capable of probing interesting regions of the ALP parameter space with sensitivity comparable to next-generation experiments like IAXO [11] and ALPS-IIc [12] , but with a signal proportional to g 2 aγ .
THE FABRY-PEROT ALP SEARCH (FPAS)
Given the coupling in (1), light whose polarization is parallel to the magnetic field can convert to ALPs, but if the polarization is a right angles to the field the light will propagate as in free space. Figure 1 shows the basic elements of FPAS, many of which it shares with other laboratory-based experiments. In FPAS light polarized in thex-direction is made to effectively precess at the frequency Ω by passing it through an electro-optical modulator (EOM) oriented so that the optical axes of the crystal areê o = (x +ŷ)/ √ 2 andê e = (x −ŷ)/ √ 2. The EOM is driven by an applied electric field with period 2π/Ω producing a sinusoidally varying phase difference between the ordinary and extraordinary components of the light. The electric field of the light that emerges from the EOM is
where ω is the frequency of the laser and α(t) is an overall time dependent phase. The light then passes into a high-finesse Fabry-Perot cavity of length L in which there is a constant magnetic field B = Bx. The resonances of the cavity are equally spaced in frequency by ∆ω = πc/L. At resonance the transmission coefficient is very close to one, so by matching the modulation frequency Ω to ∆ω, the sidebands at ω ± Ω are both on resonance.
In the absence of a magnetic field the polarization of the light that emerges from the cavity is identical to that of the light as it enters the cavity. In the presence of the magnetic field the output electric field is E out (t) = E 0 e i[α(t)−ω(t−L/c)] ê 1 1 − P γ→a cos Ωt + iê 2 sin Ωt where P γ→a is the probability of conversion of a photon to an axion in the cavity, P γ→a = 0.156g 2 aγ B 2 L 2 2 sin ∆qL/2 ∆qL 2 F F is the finesse of the cavity and ∆q is the mismatch between the photon and axion wavevectors. The output of the FP cavity enters the photodetector producing a current
The component of the current at frequency 2Ω is proportional to P γ→a , which in turn is proportional to g 2 aγ . This is the advantage of FPAS over other ALP searches, whose signals are proportional of g 4 aγ . The signal is averaged over a time T ,
The dominant source of noise is shot noise due to the random fluctuations in I 0 (t), is delta-correlated,
where e is the charge of the electron. The RMS fluctuation in the signal is ∆S shot = e I 0 2T (5) and the signal-to-noise ratio is
Note that I 0 T /e is essentially the total number of photons that pass through the cavity during the time T . The sensitivity of FPAS can be estimated assuming typical values B = 10T, L = 10m, F = 10 5 ,Ṅ γ = I 0 /e = 4.04 × 10 19 γ/s for a 7.5 W laser with wavelength 1064 nm, and T = 3.15×10 7 s, 1 year of operation. Under these conditions FPAS will achieve a sensitivity on the order of g aγ ∼ 1.8×10 −11 GeV −1 . This is about five times better than the current bound established by CAST [8] of 6.6 × 10 −11 GeV −1 . Decoherence due to the mismatch between the wavevector of the photon and ALP limits the sensitivity of FPAS to axion masses less than about 10 −4 eV. We are currently exploring ideas to extend the sensitivity of FPAS to larger ALP masses and hopefully reach the region of parameter space where the PQ axion might be found.
The next generation version of of the SLW experiment ALPS, ALPS-IIc [12] is expected to reach a sensitivity of 10 −11 GeV −1 with a magnet 100 m in length, while IAXO [11] is expected to reach 10 −12 GeV −1 . With a 100 m magnet and other improvements FPAS could attain sensitivity on the order of 1.3 × 10 −12 GeV −1 .
ALPS AND THE OPACITY THE EXTRAGALACTIC BACKGROUND LIGHT TO
ULTRA-HIGH ENERGY PHOTONS UHE gamma rays produced in distant Active Galactic Nuclei (AGNs), should be absorbed by pair creation with extragalactic background photons (EBL) [13] . Nevertheless extragalactic gamma rays in the TeV range have been detected by Imaging Atmospheric Cherenkov Telescopes (IACTs), for example MAGIC [14] or VERITAS [15] . A possible explanation for these unexpected UHE photons has is described in a recent paper by Galanti et al. [16] .
Their proposed explanation is that UHE gamma rays produced in distant AGNs, which normally would be absorbed by pair creation with photons of the EBL [13] , convert to ALPs in the strong magnetic field of the AGN. They then traverse the long distance to the Milky Way undisturbed and when they enter the magnetic field of our galaxy they reconvert into photons, again via equation (2) .
The direct observation of ALPs with masses 10 −12 < m a < 10 −10 eV, and a coupling to photons, g aγ ∼ 10 −11 −10 −12 GeV −1 , would be conclusive evidence of the proposed ALP-gamma oscillation mechanism that allows UHE gamma rays to be observed by IACTs. As can be seen in figure 2, FPAS will be able to probe this region of the ALP parameter space.
